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Understanding the Nonlinear Dynamics Governing Vertical-Lift Vehicles with Variable-speed,
Fixed Rotors

Stephanie Vavra, Micah Busboom, Aleea Stanford, Dr. Keegan J. Moore
Mechanical & Materials Engineering, University of Nebraska-Lincoln

Motivation & Objectives

Reduced-Order Modeling

Laboratory Model

Problem: Traffic significantly limits travel in urban areas.

A reduced-order model of the main wing (Fig. 4) was created using a
beam modeled with finite elements. Six rotors were attached to the beam
as rigid masses with harmonic forcing.

A 3D model aircraft was designed in Autodesk Inventor (Fig.
7) to reproduce similar mode shapes and frequencies to that
of the NASA model. With this model, a physical aircraft can
be fabricated for experimentation.

• The NASA Urban Air Mobility Project is developing an air taxi as an
alternative mean of transportation (Fig. 1).
Challenge: Operating rotors at different frequencies may cause the cabin
to vibrate at high amplitudes. Such effects are currently unknown.
Objective: Understand the effect of variable speed rotors on passenger
comfort.

Fig. 3. Beam model for main wing with rigid rotors and harmonic forcing.

The effect of variable rotor speed was investigated by detuning the
frequency of one rotor and examining the motion of the beam midpoint.

Fig. 1. Air taxi concept in
development by the NASA
Urban Air Mobility Project.

NASA Model Modes

Fig. 6. First three mode shapes of laboratory-scale air taxi.

With provided data, the modes of the NASA Tiltwing model were
computed using Hypermesh. Two example mode shapes are shown
below. The mode shapes and natural frequencies were examined to
determine which contributed the most to the motion of the cabin.
Mode 13 – 15.9 Hz

Fig. 7. CAD model
of laboratory-scale
air taxi.

Conclusion & Future Work
Fig. 4. Example displacements of beam midpoint for Rotor 6 forced at a
different frequency than the others.

Mode 13 – 15.9 Hz
Fig. 5. The receptance of
the beam midpoint for
detuning Rotors 4, 5, and 6.
This figure demonstrates
the detuning frequencies
where the motion of the
midpoint is maximized.

Fig. 2. Two example mode shapes of the NASA Tiltwing model.

From the reduced-order modeling simulations, it can be
assumed that counteracting the rotor speed in-balances can
reduce the displacement and vibrations experienced at the
center of the wing. In other words, should a rotor not
maintain its optimal operation speed, reducing the motor on
the other side of the wing can reduce the vibrations that
passengers would experience.
Future Work. The laboratory-scale model will be built,
instrumented, and used to measure the effects of rotor
detuning. Additionally, the effects of nonlinearity arising in
jointed connections on the motion of the air taxi will be
investigated numerically and experimentally.

